WHEREAS the technique of air conduction audiometry is well established, the basic principles of bone conduction audiometry are still far from being generally understood. In consequence, the tests are still too often inefficiently performed, and hence fail to provide the vital diagnostic information which is their purpose.
by means of an efficient masking sound, so that all threshold readings can be validly related to the tested ear. In order to understand how this requirement arises, we need to know, firstly, certain facts concerning the transmission of air and bone conducted sounds across the head; and, secondly, the physical characteristics of a sound which confer upon it maximum efficiency for the masking of pure tones of specified frequency.
The facts relating to sound transmission across the head are conveniently studied in subjects with normal hearing in one ear and complete deafness of the other.
The results obtained are shown in Fig. 1 . The calibrated columns are taken to represent the available hearing capacity of each ear; the solid column at the left represents total deafness of IN'TER AURAL ATTENUATION the right ear. If an air-conducted sound of 50 db. is applied to the right, or deaf ear, it will be heard in the left ear at threshold intensity. Similarly, a sound of 80 db. applied to the right ear will be heard in the left ear at a level some 30 db. above threshold. The reason for this is that sound from an air conduction receiver is transmitted across the skull with an inter-aural attenuation of the order of 50 db. By contrast, the inter-aural attenuation for sound from a bone conduction receiver applied to the right mastoid is negligible, and the sound will be heard at the left ear with a loss of only a few decibels.
In the lower half of Fig. 1 are shown the pure tone audiograms of the right and left ears for air and bone conduction carried out without masking. They indicate normal hearing for the left ear, and a severe conductive deafness for the right ear. In agreement with this, the classical tuning fork tests applied to the right ear lead us into that well-known pitfall of 'From the Otological Research Unit, Medical Research Council, National Hospital, Queen Square, London, W.C.I.
SEPTEMBER
. ,
1.
I.clinical practice, the false negative Rinne. In fact, for the reasons given, the threshold readings, both for air and bone conduction, obtained for the right ear and shown in the audiograms, are false readings derived from the left or untested ear. In the case of air conduction, owing to the comparatively high inter-aural attenuation of 50 db., such false readings are only obtained when the stimulus intensity exceeds this level. Clearly enough, true readings would result with any degree of deafness of the right ear below this level. Hence the rule that when the difference in the air-conduction thresholds of the two ears exceeds 50 db. the readings for the worse ear cannot be relied upon, unless the better ear is excluded by masking.
In the case of bone conduction, however, the situation is much more difficult. Here the inter-aural attenuation is negligible, and hence, if the bone-conduction threshold of the right ear be raised by any amount above 5 db., a receiver on the right mastoid will give false normal readings derived from the opposite untested ear. Hence the rule that all bone conduction tests require the exclusion by an air-conducted masking sound of the untested ear. A variety of masking noises has been devised to serve this purpose. A few, like those Db. THRESHOLD. Db. ----described by Zwislocki (1951) , or Denes and Naunton (1952) , are efficient, but of the majority it can only be said that they raise the threshold of the masked ear in some vague unspecified manner.
In order to understand what makes a masking sound efficient, it is helpful to consider first the masking of pure tones by white noise, that is to say, noise having a flat frequency Fig. 2 is shown the elevation of the threshold of a pure tone of 1,000 cycles in the presence of white noise. The noise intensity is expressed in decibels above normal threshold, and it will be seen that below the 20 db. level it produces negligible masking of the pure tone. Above this level there is an incremental equivalence in decibels of masking and of masking noise intensity. At any masking level, therefore, the loudness of the white noise will be much in excess of the pure tone, since its intensity will at all times be some 20 db. higher. This brings us to the first important requirement of a masking noise, namely, high masking efficiency which Denes and Naunton have defined as "good masking ability, but minimal loudness". Clearly, white noise does not conform to this ideal. Nevertheless, it is superior to some of the masking noises incorporated in many commercial audiometers. A typical example is shown in Fig. 3 . The masking noise is modified mains hum, its intensity level in decibels above normal threshold is shown on the horizontal scale, and on the vertical scale the resulting threshold elevation of various pure tones. It will be seen that for frequencies above 1,000 cycles masking is grossly inefficient. At 2,000 cycles no masking at all is produced below an intensity level of some 50 db. at which point it is already becoming unpleasantly loud to the subject.
Having considered these examples of inefficient masking sounds, we will consider next how we set about our task of designing what we really require, that is to say, sounds which have the maximum possible efficiency for the masking of the limited range of specified pure tones, which are conventionally used for bone-conduction audiometry. Here, as usual, we turn for guidance to some of Fletcher's (1940) early work upon frequency discrimination, loudness and masking, which led him to define the existence of certain so-called critical frequency bands. Their significance lies in the fact, firstly, that in any masking noise only those frequencies within a certain critical band centred around the pure tone contribute to its masking, and secondly, when the tone is just audible against the background of noise, the total acoustic power of the components within the band is the same as that of the pure tone. The principles are illustrated schematically in Fig. 4 . This shows noise bands of varying widths centred about a single pure tone which is just audible in their presence.
The acoustic energy, both in the bands and in the pure tones, is represented by the enclosed area of each. Band A is only three cycles wide, and since its total energy is the same as that of the pure tone, the energy per cycle of the noise is only one-third that of the pure tone. Band B is five cycles wide. Once again, its total energy is the same as that of the pure tone, which thus has five times as much energy as each cycle of the band. The width of Band C is that of the critical band, and yet again the total energy in the band is equal to that of the pure tone.
In Bands D and C the noise spectrum extends beyond the critical band, so that the total energy of the bands is much increased. Since, however, it is only the energy in the critical band which contributes to the masking, these noise bands possess no greater masking power, and the energy level of the just masked pure tone remains the same. In other words, those components outside the critical band, while they may have the effect of making the noise Proceedings of the Royal Socwty of Medicine 16 very much louder, contribute nothing to its effective masking power. This provides us with the theoretical basis for the concept of high masking efficiency; clearly our first objective must be to remove as much as possible of these unnecessary components.
Are we likely to gain anything from the use of band widths which are only a fraction of the critical band, as for example in Band B? Apart from the fact that to do so would present very difficult technical problems of sound filtering, we should gain nothing in efficiency and, in addition, would be faced with the added difficulty of the tonal similarity of the pure tone and the masking noise which might result in some confusion to the patient. If, however, the band width of the masking noise is extended to correspond roughly to that of the critical band, as in Band C, then we find that though masking sound and pure tone are identical in pitch, they are still readily distinguishable, and hence are not confused by the subject tested.
The critical band widths for the various frequencies are shown in Fig. 5 . As will be seen, they are of the order of only a hundred cycles wide. It would be technically impossible to produce noise bands to these specifications, nor, as will be shown, is this necessary. In Fig. 6 is shown schematically the equipment we have used for obtaining narrow bands of noise, having the masking efficiency required. A white noise generator is followed in turn by a number of ifiters of high selectivity centred around each of the pure tones normally used in bone conduction audiometry, followed in turn by an attenuator calibrated in steps of 10 db. Each of the filters can be selected by means of a switch, and passes only a very narrow band of frequencies.
The selectivity curve for the band centred at 1,000 c/s, which is typical of the other curves, is shown in Fig. 7 . At the centre, the two vertical lines give the measure of the width of the critical band. The curves extend somewhat beyond the critical band at the base; nevertheless, the maximum energy in the band is centred within the two parallel lines.
TIhe dotted line in Fig. 2 illustrates the high masking efficiency obtained with this band. In contrast to the masking effect of white noise, there is 100% masking efficiency. The curve begins at zero, and there is an exact one-to-one relationship between noise level and masked threshold. Thus, if the noise is raised 20 db., the pure tone threshold is raised by an identical amount, and so on. All the noise bands are similar in this respect, and we regard it as one of their most important features. Thus, if it is desired to raise the threshold of a pure tone by, say 40 db., it becomes a simple matter of raising the intensity level of the noise band by exactly the same amount. The practical importance of this is best illustrated by considering the simple application of these noise bands to the technique of bone conduction tests. Fig. 8 is a schematic illustration of the rationale of the procedure employed at the Otological Research Unit, and referred to for convenience as the "shadowing" technique. Let there be a pure nerve deafness of 40 db. of the subject's right ear to be tested, and no loss of hearing of the left ear. As before, the columns on each side are taken to represent the available hearing, and are calibrated in decibels. The solid portion of the left column represents the nerve deafness of the right ear. A bone conducted sound at normal threshold intensity applied to the right mastoid is heard in the subject's left ear. This provides us with the first point on the graph shown below, in which the masking intensity at the left ear is plotted on the horizontal scale and the bone-conduction threshold responses on the vertical scale. Now, as shown in Fig. 8 raises its threshold for the bone conducted test tone by 10 db. In the same way, increases in masking noise intensity of 20 or 30 db. will bring about increases of identical magnitude in the threshold values for the test tone. Reference to the graph shows, up to this point, this step by step correlation, the "shadowing" effect between the intensities of maskcing noise and test tone thresholds. When, however, the masking noise reaches the 40 db. level it will be seen that the bone conducted test tone will be heard at threshold by the right as well as the left ear. A further intensity increase of the masking noise to 50 or 60 db. will further raise the threshold of the left ear alone, leaving the test tone to be heard by the right ear alone without further elevation above its true threshold value, 40 db. The true threshold for the right ear willat us be shown at a point on the graph, referred to as the "change-over" point, at which the slope of the curve changes from 45 degrees and becomes horizontal. In the case being considered, the change-over point occurs at 40 db. If, extending the argument, the deafness of the tested ear had been 50, 60 or 80 db. identical values of masking noise intensity would have been required to reach the "change-over" points. In all cases, true threshold readings would be obtained. The essential steps of the test procedure are thus:
(1) The demonstration of the "shadowing" effect. This establishes that both masking noise and test tone are confined to the untested ear.
(2) The identification of the "change-over" point. This establishes the true threshold of the tested ear.
The case analysed in Fig. 8 is one of comparative simplicity in that the unilateral deafness was of the "nerve" type. In unilateral deafness of the conductive type, however, we are confronted with a situation of considerably greater difficulty. This arises, as will be shown, from the fact that the inter-aural attenuation of an air-conducted masking sound does not exceed some 50 db.
The situation is illustrated in Fig. 9 . Here, the subject has normal hearing of the right, or tested, ear, and a pure conductive deafness of 50 db. of the left ear. This is indicated by the solid area adjoining the calibrated column which represents the inner ear hearing capacity of the left ear.
In ascertaining the bone-conduction threshold of the right ear we must, as usual, apply an air-conducted masking noise to the left ear. Here a serious difficulty arises, since before this noise can become effective its intensity must reach 50 db., the amount of the conductive deafness. At this intensity it will just overcome the inter-aural attenuation for air-conducted sound, and begin to exert a masking effect upon the right ear as well as the left. If the intensity of the masking noise be further increased in steps of 10 db., a "shadowing" effect will occur, and the bone-conduction thresholds, derived equally from the two ears, will rise pari passu. In this instance, however, the "shadowing" effect will continue indefinitely, and no "change-over" point will be reached.
The underlying difficulty is clearly to be found in the fact that the inter-aural attenuation of the air-conducted masking noise has a limit of some 50 db. What is needed, therefore, is some means of extending this limit, and providing a zone of masking noise intensities which will be above the air-conducted threshold of, and at the same time confined to, the left ear. Within this zone, the "shadowing" procedure could be applied, and the absence of a "shadowing" effect would then prove that bone-conduction threshold readings were derived from the right ear, and could be accepted as valid.
The manner in which such an increase of the inter-aural attenuation can be accomplished stems from a brief report on the use of insert receivers which appeared in the Report of the Electro-Acoustics Committee "Hearing Aids and Audiometer", 1947. In this it was suggested that the acoustic linkage between the two ears which occurs when any air conduction receiver is used arises from the vibrations imparted to the skull at the air-bone interface bounding the receiver. Both Littler et al. (1952) and Zwislocki (1953) have carried out further studies, and it has been shown that the vital factor affecting the attenuation is the area of the receiver in contact with the head. Thus, the smaller the area the greater the attenuation, and in the limiting case when an insert receiver is used, thus presenting the smallest possible surface to the skull, the inter-aural attenuation increases to a figure as high is 90 db.
As Littler et al. (1952) so ably pointed out, the practical importance of this finding is considerable, making possible as it does the accurate determination of bone-conduction thresholds in the presence of conductive deafness well beyond the limit of 50 db. This is illustrated in Fig. 10 . Masking noises of intensities up to 90 db. are applied to the left ear by means of a rubber-tipped-insert receiver without fear of cross conduction to the right ear.
Thus, at any intensity between 50 db., the air-conduction threshold of the left ear, and 90 db., the masking noise will be effective in the left ear alone. If we now apply the "shadowing" procedure, and make step by step changes of masking intensity within this range, they will be found to leave unaltered the bone-conduction threshold readings. In other words, the "shadowing" effect is absent, and the threshold reading, 0 db., can be accepted as valid for the right ear.
When the deafness is bilateral, and of the mixed conductive and nerve type, boneconduction tests may be greatly complicated, and indeed it is only within certain limits that accurate results are then obtainable.
An audiometrician needs to know what these limits are, and it is fortunately possible to define them with reasonable accuracy. The situation is analysed in the cases shown in Fig. 11 (A, B and c) . In 11A the subject has a nerve deafness of 60 db. of the right ear and conductive deafness of 30 db. of the left ear. In order to establish the bone-conduction threshold of the right ear, the usual masking noise must be applied to the left, and owing to the conductive deafness its minimum effective intensity will be 30 db. Above this point shadowing will occur, as shown in the graph (A). That is to say, both masking noise and test tone will be confined to the left or untested ear. When the masking intensity reaches the 90 db. level, its true masking effect upon the left ear will be restricted to 60 db. by the conductive deafness and the test tone will now be heard at threshold in the right ear as well as in the left. This is the critical change-over point, and beyond it a further increase of masking intensity to 100 db., the maximum practicable level, will raise the threshold of the left ear by a further 10 db. while leaving unaffected at 60 db. that of the right ear. This, therefore, will be its true threshold.
Two factors determine the results thus obtained. Firstly, 100 db. is accepted as the maximum intensity of masking noise which it is practicable to use for clinical tests. With this the critical change-over point occurs at a level 10 db. lower, 90 db., and to this it is convenient to refer as the maximum critical masking intensity. Secondly, the threshold of the tested ear can be determined only if it lies at or below the level of masking induced by the maximum critical masking intensity in the untested ear. Now, in the case 1 IA this level is reduced by 30 db., the amount of the conductive deafness and hence, 60 db. is the maximum measurable elevation of the bone-conduction threshold of the right ear. From this we may derive the limiting formula:
Maximum measurable bone-conduction threshold=90-conductive deafness (db.) of opposite ear. The application of the test procedure to the three cases A, B and c, represented in Fig. 11 , is shown in the graph.
In all three the amount of the nerve deafness of the tested ear is the maximum measurable according to the limiting formula. Although for simplicity of explanation the cases shown in Fig. 11 have been selected to exhibit conductive deafness alone of the untested ear and nerve deafness alone of the tested ear, accurate bone-conduction tests are still possible within the limits of the formula when the deafness, of either one or both ears, is of the mixed type. This is illustrated in Fig. 12 deafness of 30 db. with a nerve deafness of 50 db. The air-conduction audiogram thus shows a loss of 80 db. With no masking noise applied to the left ear the bone-conduction threshold reading is 50 db. derived, in fact, from the left ear, though this cannot be specified at this stage of the test. This reading remains constant with increase of masking noise intensity up to 80 db.
With the masking intensity increased to 90 db., however, and still confined at this level to the left ear, the threshold reading is increased to 60 db. and remains unchanged when the masking intensity is further increased to 100 db. As shown in the graph, "shadowing" occurs between the 80 and 90 db. levels of masking noise intensity with the "change-over" point at 90 db. It follows that up to the 80 db. level of masking noise intensity, the threshold reading, 50 db., must be derived from the left ear. Further, that at and above the 90 db. level, the threshold reading, 60 db., is derived from the right ear. Subtraction of these boneconduction losses from the air-conduction losses gives the amounts of the conductive deafness, thus:
Right ear 100-60=40 db.
Left ear 80-50=30 db. In each case, the amount of the nerve deafness is the maximum which can be measured according to this formula. Thus for the right ear: 60 db. (amount of nerve deafness)=90-30 (amount of conductive deafness of left ear).
For the left ear: 50 db. (amount of nerve deafness)=90-40 (amount of conductive deafness of right ear). As will be seen from the foregoing analyses, the use of the maximum efficiency masking .0 .
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. technique described in this communication brings within the resolving power of air and bone-conduction audiometry all but the few exceptional cases which lie beyond the bounds of the limiting formula. In all cases, however, careful attention should be given to the fundamental features of the test procedure which is outlined as follows:
(1) Establish the air-conduction audiogram of both ears in the normal way with masking, if necessary, of the untested ear, i.e. when the difference in the hearing loss between the two ears exceed 50 db.
(2) Find the bone-conduction threshold with the bone-conductor applied to the mastoid of the tested ear without masking of the untested ear.
(3) Apply the masking noise of the appropriate band to the untested ear by means of an insert receiver and find a bone-conduction threshold reading.
(4) Apply the "shadowng" procedure thus: --Incre th-feve-of-the-masking--oise by 10 db. above threshold and re-test the bone-conduction threshold. If the bone-conduction threshold is raised by 10 db. increase the masking intensity by another 10 db. and repeat. Continue this procedure until the point is reached at which the bone conduction remains constant with further additional incremental steps of 10 db. of the masking noise. This is the "change-over" point, and gives the true bone-conduction threshold of the tested ear.
Suggestions for the improvement of standard equipment tend to encounter two kinds of objections. Firstly, that they involve excessive technical difficulties. Secondly, that the solution they offer is far from complete, and hence further development should be awaited.
Neither of these objections appears to be applicable in the present situation. No serious difficulties attend the generation or application of the masking sounds described, and as for further developments, these cannot be expected since in many respects the efficiency obtained is 100%, at which level an ample reserve is provided for the attainment of practically all the clinical results which are required. It is, therefore, to be hoped that the methods described will find useful application in improving the design of standard audiometric equipment.
